The most valuable pigment of the Roman wall paintings was the red color obtained from powdered cinnabar (Minium Cinnabaris pigment), the red mercury sulfide (HgS), which was brought from mercury (Hg) deposits in the Roman Empire. To address the question of whether sulfur isotope signatures can serve as a rapid method to establish the provenance of the red pigment in Roman frescoes, we have measured the sulfur isotope composition (d 34 S value in % VCDT) in samples of wall painting from the Roman city Aventicum (Avenches, Vaud, Switzerland) and compared them with values from cinnabar from European mercury deposits
S values of cinnabar from the studied Roman wall paintings fall within or near to the composition of Almadén cinnabar; thus, the provenance of the raw material may be deduced. This approach may provide information on provenance and authenticity in archaeological, restoration and forensic studies of Roman and Greek frescoes.
The finest Greek and Roman houses were frequently decorated with mosaic floors and wall paintings (frescoes). Studies of archaeological wall paintings often aim to determinate the origin of the pigments and the techniques used to apply the different colors. This is of major relevance in cultural heritage studies because it (a) provides historical information on early technologies (i.e., raw material processing, painting techniques) and ancient trading patterns (i.e., origin of raw materials, trade and commercial routes), (b) helps detect past restoration of frescoes and authenticity of works, and (c) gives an approximate maximal age for the painting through the determination of the cinnabar origin. Such studies applying different techniques -including optical microscopy (OM), scanning-electron microscopy (SEM), X-ray diffraction (XRD), electron microprobe analysis (EMA), diffuse reflectance infrared Fourier transform spectroscopy and gas chromatography/mass spectrometry (GC/MS) -were performed on Roman wall paintings recovered from archaeological sites in France, [1] [2] [3] [4] Switzerland, 5 Spain, [6] [7] [8] [9] [10] Italy [11] [12] [13] [14] [15] [16] [17] and Croatia. 18 The mineralogical and physicochemical analyses of ancient paintings are often difficult to interpret as they reveal only the average composition of a mixture of materials and pigments. The most valuable pigment used in Roman wall paintings was the red pigment Minium Cinnabaris (called also Vermilion), containing principally cinnabar, the red mercury sulfide (HgS). [13] [14] [15] [16] Cinnabar was used pure for a light red pigment or mixed with Rubrica (also called Red Ochre), composed mainly of hematite (Fe 2 O 3 ), to obtain a darker red. Cinnabar, used all over the Roman world in small quantities for high-quality paintings, was an expensive raw material, since this mercury ore was not abundant inside the borders of the Roman Empire. 3 The largest known cinnabar deposits in the Mediterranean region are Almadén in the province of Castilla la Nueva, Spain (300 000 metric tons of Hg), 19, 20 Idria in Slovenia (145 000 t Hg), 21, 22 and Monte Amiata in Grosseto, Italy (117 707 t Hg). 23, 24 Epigraphic, literary and archaeological evidence corroborates ore extraction in Almadén since at least 500 BC. The other two deposits are thought to have been mined by the Romans, but the archaeological studies are scarce, and the earliest records are from Christopher Columbus' notes in 1492 and 1499. Almadén cinnabar exploitation through the ages was two and a half times greater than at Idria and nearly four times greater than at Monte Amiata. Other smaller cinnabar mines that were in operation during the Roman period include Karaburun, I˙zmir, and Sızma (Konya province) in Turkey, 25 Medjerda in Tunisia, Moschellandsberg in Germany, 26 and Genepy (La Mure region) in France. 27 The exploitation history of these deposits is poorly known. The sulfur standard is the Vienna Cañ ó n Diablo Troilite (VCDT). Sulfur isotope compositions have many different applications in Earth Sciences with particular attention given to the isotopic variations among the different sulfur phases (sulfides and sulfates). The stable sulfur isotope ratio can be used to identify sources, mixing processes, and the fate of sulfur species in the environment, and particularly in deposits of metallic sulfides. 28 Knowledge of the sulfur isotope composition of the potential sources allows their relative contribution to the sulfur at the final site to be assessed. The sulfur isotope composition of cinnabar in the pigments of the Roman frescoes discovered at the House of Diana (Crosseto, Italy) were measured and used in combination with OM, SEM and EMA data to obtain insight into the origin of the red pigment. 13 Mazzochin et al.
29
compared the isotopic composition of lead present in cinnabar of Roman wall paintings from the X th Regio of the Roman Italy with that of samples from the mercury deposits at Almadén, Monte Amiata, and Idria. In this study, we explore the discriminating potential of the sulfur isotope composition for tracking the provenance of cinnabar present in Roman wall paintings from Aventicum (Avenches, Vaud, Switzerland), the most important city of central Switzerland during the Early Roman Empire (1 st and 2 nd centuries AD).
The sulfur isotope composition of the red pigments was compared with that of cinnabar samples from major European mercury deposits.
EXPERIMENTAL
Eight fragments of painting from the collection of the Roman Museum of Avenches were selected for sulfur isotope study. The surface of the fragments was cleaned of visible foreign material with organic solvents-washed stainless steel tweezers. Red painting samples were collected using a micro drill to avoid contamination with material not containing cinnabar.
The cinnabar samples from the mercury deposits were obtained from collections of the Department of Geology and the Museum of Geology of the University of Lausanne. There were 13 mercury ore samples from Almadén (Spain), 24 from Idria (Slovenia), 9 from Monte Amiata (Italy), 2 from Moschellandsberg (Germany), and 2 from Genepy (France). The cinnabar samples were checked for impurities under a binocular microscope, and manually homogenized using an agate mortar and pestle.
All archaeological pigment samples were analyzed by powder X-ray diffraction (XRD) using a Philips than AE0.3% (1 SD). The accuracy of the d 34 S analyses was checked periodically by analyses of the international reference materials IAEA-S-1 and IAEA-S-2 silver sulfides (À0.3% and þ22.7 AE 0.2%, respectively, values from IAEACatalogue and Documents) and NBS-123 sphalerite (þ17.09 AE 0.31%, value from NIST-Catalogue and Documents).
The average sulfur isotope values for cinnabar in the Roman wall paintings and the mercury deposits were compared by means of t-tests using the SAS software (version 9.1, SAS Institute Inc., Cary, NC, USA) and MatLab 1 software package (version 7.2, MathWorks Inc., Natick, MA, USA).
RESULTS AND DISCUSSION
The results of the XRD analyses have shown that the only sulfur-containing phase in the red painting samples from Aventicum was cinnabar. The sulfur isotope ratios and the standard deviation (SD) of the replicate measurements of the 12 cinnabar samples from the wall paintings recovered in Aventicun, Switzerland, are presented in Table 1 . The d 34 S values range between þ8.7 and þ10.9%
(average AE 1 SD, þ9.9 AE 0.7%). to þ13.0% (þ6.6 AE 3.7%, n ¼ 47) (Fig. 1) . The mode peaks at about þ7% (median ¼ þ7.0%) and two smaller maxima appears near 0 and þ12%. S values for cinnabar samples range from À19.1 to þ22.8% (þ2.2 AE 6.0%), with an unimodal distribution peaking at about þ3% (median ¼ þ2.4%). The data sets from Almadén and Idria ( Figs. 1 and 2 ) represent the entire spectrum of syngenetic (e.g., formed contemporaneously with the sedimentary host rock) and epigenetic (e.g., formed by post-depositional processes) cinnabar-containing rock bodies. The important Saupé and Arnold, 33 Higueras et al., 34 Jé brak et al., 35 and this study. S values between the cinnabar of Roman wall paintings from Aventicum (Switzerland) and Cosa (Italy) and the Hg ore deposits (Fig. 3) . The statistical significance of the difference between the groups of d 34 S values was determined using a two-tailed Student's t-test adjusted after checking by Fisher test whether two samples have equal or different variances (homo-or heteroscedasticity, Table 3 ). An additional possible source of heterogeneity is the fact that the cinnabar ore was brought to Rome for processing. The average sulfur isotope composition of the two groups of cinnabar from Roman wall paintings (Aventicum in Switzerland, Cosa in Italy) cannot be statistically differentiated. The identification of not local (exotic) sources for cinnabar found at Aventicum adds substantially to our understanding of regional interaction and trade during the Roman period.
The results presented in this study indicate that the sulfur isotope composition provides further insights on the origin and authenticity of the red pigment produced from cinnabar in archaeological paintings. This approach may have important implications for archaeological, restoration and forensic studies. Very small amounts of sulfide are needed (down to 100 mg, 1 mmol) for sulfur isotope analysis by EA/IRMS, which is relatively fast and inexpensive, and permits a high throughput of samples.
